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a  b  s  t  r  a  c  t
The  retention,  diffusion  and  structural  properties  of 2–4  nm  nanoporous  alumina  membranes  were  inves-
tigated  in view  of  their  integration  as size-selective  interface  in a glucose  sensor.  These  membranes
exhibit  remarkable  glucose  diffusion  properties  with  only  a 5-fold  reduction  compared  to  free  diffusion
in water.  The  retention  of the  glucose-binding  protein  (Concanavalin  A),  which  is characterized  by  a
hydrodynamic  radius  of only  3.3  nm,  was  almost  complete  during  at least  35 days.  This  high  selectivityeywords:
anoporous membrane
lumina membrane
iosensor membrane
fﬁnity sensor
was  also  conﬁrmed  by  SEM  picture  analysis  showing  a highly  uniform  pore  size  distribution.  Finally,  the
glucose  sensor  including  a nanoporous  membrane  as  size-selective  interface  was  able  to  measure  glucose
levels  in physiological  solution  during  25  days,  which  conﬁrms  that  annealed  alumina  membranes  are
well  suited  for size-selective  interface  of  biosensors.
© 2012 Elsevier B.V. All rights reserved.
lucose sensor
. Introduction
Nanoporous membranes are often required for biosensors oper-
ting in complex biological ﬂuids such as blood or plasma. Their
ole is to exclude large biomolecules from the blood which could
nterfere with the measurements, as well as to minimize bio-
ouling. For the sensor to work properly, the membrane has to
e biocompatible, stable in aqueous environment, and allow fast
iffusion in the sensor [1].  On the other hand, nanoporous mem-
ranes can also be used to conﬁne large sensing molecules provided
hey exhibit a well deﬁned pore size distribution. Various types
f nanoporous membranes have been investigated for biosensors
pplications, including polymeric membranes [2],  micromachined
ilicon membranes [3] and anodic alumina membranes [4].
ith their good structural stability and intrinsic biocompatibil-
ty, nanoporous alumina membranes are typically well suited
or biosensor size-selective interface. These membranes obtained
nder speciﬁc anodization conditions exhibit highly ordered arrays
f well deﬁned pore diameters. Moreover, alumina membranes
ay  be annealed, giving them an excellent chemical resistance
nd long term stability in aqueous solution. Nanoporous alumina
embranes have been used for various applications of nanoﬁl-
ration in biotechnology [5],  for molecular separation in medical
evices [6,7], as well as for dialysis in biosensors [8]. Recently,
∗ Corresponding author. Tel.: +41 216937780; fax: +41 216933891.
E-mail address: christophe.boss@epﬂ.ch (C. Boss).
376-7388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2012.02.004membranes with pore sizes as small as 2–4 nm have been com-
mercially available (Synkera Technologies, Inc.), thus foreseeing
promising application for biosensors. Such membranes are char-
acterized by a bilayer structure including a very thin active layer
(0.5–1.5 m)  and a support layer with larger pores (150–200 nm)
ensuring rigid membranes with good diffusivity properties.
For ﬁfty years, considerable efforts have been devoted to
developing glucose sensors which could be used for continuous
monitoring of diabetic patients [9].  Amongst others, one approach
has been the afﬁnity sensing technique, which is based on the bind-
ing of glucose with a carbohydrate-speciﬁc molecule [10,11].  We
recently reported promising results for an afﬁnity based sensor
relying on the detection of the viscosity variation of a sensitive
ﬂuid with the glucose concentration [12]. The sensitive ﬂuid prin-
ciple relies on the competitive binding of glucose and dextran with
a glucose-speciﬁc binding protein, Concanavalin A (ConA). Basi-
cally, the sensor is ﬁlled with the sensitive ﬂuid which is conﬁned
by a nanoporous alumina membrane used as size-selective inter-
face (Fig. 1). The sensitive ﬂuid viscosity is detected by inducing
a ﬂow in a microchannel upon piezoelectric diaphragm actua-
tion. The nanoporous membrane is a key element since it has
to conﬁne ConA molecules whilst allowing fast glucose perme-
ation. In this paper, we  report experimental results on diffusion
and retention of annealed nanoporous alumina membranes as well
as structural properties. ConA retention and glucose diffusion are
investigated using respectively ultraviolet absorption spectrome-
try and refractometry. The pore size distribution and the porosity
is also characterized using scanning electron microscopy.
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aig. 1. Schematic illustration of the nanoporous alumina membrane in the glucose
fﬁnity sensor. The large sensing molecules (ConA and dextran) are conﬁned in the
ensor whilst glucose permeates through the membrane.
. Experimental
.1. Diffusion cells
The ConA retention and glucose diffusion properties of 2–4 nm
nnealed nanoporous alumina membranes from Synkera Technolo-
ies were assessed using home-made diffusion cells fabricated in
MMA (poly(methyl methacrylate)) (Fig. 2). The two  diffusion cells
ad a volume of 140 l with a diffusing surface of about 28 mm2.
he two chambers were separated by the nanoporous membrane,
hich was glued using medical-grade adhesive epoxy (Loctite M-
1HP) for ensuring leak-tight measurements. First, a solution with
 given concentration of the solute was injected in the ﬁrst cell
hilst pure solvent was injected in the second one. Both cells could
e stirred by standard PTFE (Teﬂon) magnetic stirrers. The solute
iffusion was monitored by measuring the solute concentration by
ither refractometry or UV absorbance spectrometry.
.2. Refractometry
The glucose concentration was determined by measuring the
efractive index of the solution using a high precision refractome-
er (Bellingham and Stanley RFM 342). A volume as small as 60 l
s required for refractive index measurements carried out at the
eference wavelength of 589.3 nm (the sodium D line). The refrac-
ive index depends almost linearly on glucose concentration. An
ccuracy of ±0.00004 is reported, which corresponds to 1.5 mM of
lucose concentration.
For determining the diffusion of glucose molecules, the diffusion
ells were respectively ﬁlled with a 100 mM glucose solution and
ltrapure water. Before each experiment, a two point calibration
as done. The refractive index values were then converted into
lucose concentrations using the calibration curve.
The effective diffusion coefﬁcient was extracted from the time
ependent glucose concentration assuming that a steady-state con-
entration proﬁle is always satisﬁed within the membrane [13].
nder these assumptions, combining the diffusion equation with
Glucose 
or
ConA
6 mm
140 µl 140 µl
Nanop orous alumi na 
membrane
ig. 2. Glucose diffusion and ConA retention were evaluated using diffusion cells.
he concentration of permeating molecules was  monitored by refractometry or UV
bsorbance spectrometry during tests.ience 401– 402 (2012) 217– 221
Fick’s law and mass balance conditions between the two  chambers
gives
C2 − C1 = (C2,0 − C1,0) exp
(−t

)
(1)
with
 = l
Deff S
V1V2
V1 + V2
where Ci and Vi are respectively the concentration and volume of
the chamber i, l is the membrane thickness, S is the membrane area,
and Deff is the effective diffusion constant in the membrane. From
this relationship, we  expect that the solution concentrations across
the porous membrane will vary exponentially with time.
2.3. UV absorbance spectrometry
UV absorbance spectrometry was used to quantify the concen-
tration of ConA in solution. The tyrosine (274 nm)  and tryptophan
(280 nm)  aromatic amino acids were detected as they are the most
absorbing components of proteins. The UV light was transmit-
ted via an optical ﬁber from the UV light source (DT-MINI-2-GS
from Ocean Optics), then passed through the sample contained
in a micro-cuvette (70 l), and was  collected by a spectrometer
(USB4000-UV-VIS from Ocean Optics). Based on a calibration done
with buffered solutions containing various concentrations of ConA
in the range of interest (0.01–0.1% [w/w]), the measured UV intensi-
ties were further used to determine the relative absorption induced
by ConA.
It is known that ConA is instable in solution and precipitates
after a few hours. As its solubility is strongly increased in presence
of dextran [14], the retention experiments were performed using
the sensitive ﬂuid. The sensitive ﬂuid consists in 2% [w/w] dex-
tran 3200 (PSS) and 0.4% [w/w] ConA (Sigma) in a buffered saline
solution (10 mM Tris base, 1 mM CaCl2, 1 mM MnCl2, 0.05% NaN3,
0.15 M NaCl). The two  diffusion cells were respectively ﬁlled with
the sensitive ﬂuid and an isotonic saline solution (the same solution
but without dextran and ConA). The glucose concentration of both
solutions was 30 mM,  a relatively high concentration where most
ConA molecules are in their unbounded state, which favours their
diffusion through the nanoporous membrane. For determining the
ConA diffusion coefﬁcient, a sample of isotonic saline solution was
removed from the diffusion cell and placed in the micro-cuvette
for recording the UV absorption spectrum. The ConA retention was
evaluated by measuring its concentration in the isotonic saline
solution every 24 h, after what the solution was  replaced by a fresh
one.
2.4. Nanoporous membrane in a glucose sensor
To evaluate the long term membrane functionality, a sensor
was fabricated as described in Boss et al. [12]. Basically, the sensor
includes both an actuating and a sensing piezoelectric diaphragms
as well as a ﬂow-resistive microchannel used for viscosity detec-
tion. The sensor was  ﬁlled with the sensitive ﬂuid further conﬁned
with a 2–4 nm nanoporous alumina membrane from Synkera Tech-
nologies. We  used a low viscosity sensitive ﬂuid prepared following
Kuenzi et al. recipes [15]. The sensor response was evaluated by
performing continuous glucose measurements in isotonic saline
solution at 37 ◦C. Glucose solutions were pumped into the test cell
using a computer controlled syringe pump (Tecan CavroXCalibur).
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brane. After that initial ConA leakage, a lower and stable valueig. 3. Dynamics of glucose diffusion through 5 different 2–4 nm nanoporous alu-
ina membranes ﬁtted by an exponential law.
. Results and discussion
.1. Glucose diffusion
The glucose diffusion properties of 2–4 nm nanoporous alu-
ina membranes were characterized by measuring the glucose
iffusion in 5 different membranes (Fig. 3). As expected from the
iffusion cells model, the dynamics of glucose diffusion is pretty
ell ﬁtted by an exponential law. The relaxation time determined
y best ﬁtting gives a mean relaxation time of 15.3 ± 3.5 min. The
ffective diffusion coefﬁcients were calculated from the relaxation
ime following Eq. (1),  which gives (1.35 ± 0.31) × 10−4 mm2/s.
rom these results, it comes out that the glucose diffusion coef-
cient in these membranes is only ∼5 times smaller than in water
D = 6.73 × 10−4 mm2/s [16]). Considering the relative standard
eviation of 23%, this value is of the same order of magnitude that
he diffusion coefﬁcient in a 20 nm asymmetric alumina membrane
rom Whatman (1.39 × 10−4 mm2/s) and much higher than its value
n nanoporous polyethylene membrane (0.18 × 10−4 mm2/s) [2].
his quite high diffusivity is remarkable when considering all pos-
ible effects impeding diffusion in nanoporous membranes. One
mportant factor is the membrane porosity, which strongly reduces
he active diffusing surface in nanoporous membranes. From SEM
ictures (Fig. 6), the porosity of the active layer with 13 ± 2 nm alu-
ina membranes was estimated to be 28.9%, which explains most
f the reduction in diffusion. In addition, when moving to nanoﬁl-
ration application, the free diffusion is progressively restricted
hen the dimensions of the pores become comparable with those
f the diffusing molecules. Factors explaining this limited diffusion
ay  include an increased viscous drag in the pore, particle-pore
all interactions, as well as steric effects at the entrance of the pore
17]. With a factor of about 4 between the glucose hydrodynamic
adius (0.365 nm [18]) and the pore size, we are typically in a sit-
ation where the high solute-to-pore ratio may  restrict diffusion.
his is conﬁrmed by previous results which reported that glucose
iffusion was already substantially reduced in a 7 nm nanoporous
ilicon nitride membrane [19]. However, from the quite good diffu-
ion properties of the present membrane, it seems that the diffusion
s only slightly affected, which is explained by the asymmetrical
tructure of the membrane. In fact, only a very thin active layer
0.5–1.5 m)  restricts diffusion whereas most of the diffusion takesFig. 4. UV absorbance spectra of the retention test of the 2–4 nm alumina
nanoporous membrane (unstirred solutions). Each spectrum characterizes the ConA
permeation during 24 h.
place in the support layer (50 m),  which is characterized by larger
pores (150–200 nm)  which do not impede diffusion. A detailed
analysis of the membrane structure would be required to con-
ﬁrm these hypotheses. However, this would require resolving the
2–4 nm pores, which is hardly achievable by electronic microscopy.
3.2. Concanavalin A retention
The ConA retention properties of 2–4 nm alumina membranes
from Synkera Technologies were investigated during 35 days. We
recorded the UV absorbance spectrum of the isotonic saline solu-
tion which was in contact with the membrane during 24 h (Fig. 4).
A stronger absorbance is observed around a wavelength of 280 nm,
indicating the presence of ConA. From these results, the ConA con-
centration was determined by averaging the absorbance over a
10 nm bandwidth around the peak absorbance. The error on the
ConA concentration was  estimated from the standard deviation
of the mean absorbance and background noise. ConA leakage was
ﬁnally expressed in terms of percentage of the ConA concentration
in the sensitive ﬂuid (Fig. 5). We  performed ConA retention exper-
iments with both well-stirred and unstirred solutions to conﬁrm
that stirring had no deleterious effect on ConA molecules (which
could have eased ConA diffusion). A similar behaviour was  observed
for both well-stirred and unstirred solutions, which is explained by
the constant quasi-equilibrium of the solutions (diffusion of a very
small fraction of ConA) and the long time scale allowing diffusion
in the cells. Therefore both retention experiments can be used to
estimate the retention capabilities of the membrane.
The ConA retention experiments showed a higher initial ConA
leakage just after the beginning of the experiment. Then, after about
5–10 days the leakage stabilized at a lower level. In particular,
ConA leakage was  well described by an exponential model reach-
ing a constant value. Initial higher leakage could be attributed to
ConA fragments which are present in commercial ConA [20]. These
fragments do not form tetramer and have a molecular weight 2–3
times smaller than the unaltered subunit. Due to their smaller
size, ConA fragments could diffuse through the nanoporous mem-was observed with a mean leakage per day of 0.14 ± 0.07% of
the initial concentration. As the measured ConA concentrations
were small (±0.001% [w/w]) and close to the resolution of the UV
220 C. Boss et al. / Journal of Membrane Science 401– 402 (2012) 217– 221
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3.4. Membrane performance in a glucose sensor
The long term performance of a nanoporous alumina mem-
brane as size-selective interface was  evaluated by continuouslyembranes ﬁtted with an exponential law. ConA leakage is expressed in terms of
ercentage of the ConA concentration in the sensitive ﬂuid.
bsorbance spectrometer, the error on the determination of ConA
eakage was quite high. However, ConA leakage is in the same range
or both experiments, thus validating the experimental procedure
espite the limited accuracy.
An almost complete retention was achieved by the membrane,
hich has to be emphasized given that ConA is a small protein. At
H 7.4, most of ConA is in tetramer conﬁguration (hydrodynamic
adius of 4.4 nm)  although some dimmers remain (hydrodynamic
adius of 3.3 nm)  [21,22].  According to similar dimensions between
he ConA molecules and the membrane pore size, we  could have
xpected a complete retention. The small remaining diffusion can
e explained by a pore size distribution not as narrow as expected,
ome fraction being above the speciﬁcations. Similarly, whereas
onA tetramers should be well conﬁned by the membrane, the
mall fraction of dimmers could still freely permeate through the
embrane. Nevertheless, the very small diffusion rate suggests that
he pores are achieving an almost complete retention.
.3. Pore size distribution
The nanoporous alumina membrane structure was investigated
y scanning electron microscopy (SEM) (Fig. 6). These pictures con-
rm the highly ordered structure and well deﬁned pore size that is
xpected for nanoporous alumina membranes. The 2–4 nm pores
ere close to the resolution of the microscope and thus we  were
ot able to get well focused pictures. We  therefore investigated
he pore size distribution on a similar alumina membrane with
arger pores (13 ± 2 nm from Synkera Technologies). The pore size
istribution was experimentally determined using particle anal-
sis. An area encompassing 2583 pores was measured on 5 SEM
ictures (Fig. 7). The pore size distribution is well described by a
aussian with a mean pores diameter of 16.49 nm and a standard
eviation of 4.93 nm,  conﬁrming a regular pore size distribution.
he mean porosity is 28.9 ± 0.7%, which can be compared to the
7% reported for Whatman alumina membranes having a nominal
ore size of 20 nm [23]. These measurements conﬁrm that these
lumina nanoporous membranes have a distribution not as nar-
ow as expected, and as a consequence, a small fraction of pores is
utside the main distribution with dimensions as large as 30 nm.
he pore size distribution is also probably larger than expected forFig. 6. SEM pictures showing the active layer pore size of the nanoporous alumina
membranes. (a) 2–4 nm membrane. (b) 13 ± 2 nm membrane. (Image pixel size of
1.1  nm.)
the 2–4 nm alumina membrane, which may  explain the small ConA
diffusion at large time scales.Fig. 7. Experimental characterization (SEM pictures) of the pore size distribution of
the  13 ± 2 nm membrane ﬁtted with a Gaussian.
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[ig. 8. Long term evaluation of a 2–4 nm nanoporous alumina membrane used as
oncentrations (2 mM and 12 mM)  in isotonic saline solution at 37 ◦C.
easuring the glucose concentration in isotonic saline solution
uring 25 days (Fig. 8). The sensor was tested in the most relevant
hysiologically glucose concentrations, namely 2 mM and 12 mM,
t physiological temperature (37 ◦C). The sensor worked well dur-
ng the whole experiment, glucose diffusing freely in and out of
he sensor through the nanoporous membrane, whereas the sensi-
ive ﬂuid was still conﬁned inside the sensor. This good behaviour
hroughout the experiment also demonstrates the excellent long
erm stability of the membrane in aqueous solution at 37 ◦C. More-
ver, the response time of the sensor did not increase with time,
ndicating neither dextran nor ConA clogged the pores. Besides
hese promising characteristics, the sensor sensitivity decreased
inearly with a reduction of 1.0%/day. The small ConA diffusion
bserved in the retention experiments could partly explain this
eduction in sensitivity. ConA deactivation could also be involved
n the sensitivity reduction, as suggested by other studies report-
ng long term stability of ConA-based sensors [10,11]. These
esults conﬁrm that nanoporous alumina membranes are promis-
ng for selective interface in afﬁnity sensors. Moreover, membrane
anufacturing companies like Synkera Technologies are actively
orking on achieving precise pore size control below 2 nm.  We
ould therefore expect much better long term stability for next
eneration of nanoﬁltration membranes.
. Conclusion
The diffusion, retention and pore size distribution of 2–4 nm
anoporous alumina membranes were characterized in details. The
ery thin active layer of the membrane (0.5–1.5 m)  and quite high
orosity (28.9%) gives remarkable diffusion properties, with only
 5-fold reduction compared to free diffusion in water. We  also
eport an almost complete retention of Concanavalin A (hydrody-
amic radius of 3.3 nm)  and a good stability in aqueous solution up
o 35 days. SEM pictures also conﬁrm the highly ordered structure
nd well deﬁned pore size that is expected for nanoporous alumina
embranes. Finally, the nanoporous alumina membrane was  suc-
essfully used as dialysis membrane in an afﬁnity glucose sensor
uring 25 days without any biofouling. These results suggest that
anoporous alumina membranes could be used as size-selective
nterface on biosensors.eferences
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